






but there i s  a concomitant increase in the voltage, with 60-70 V needed for actuation.13 These 
voltages are difficult to obtain in applications where Bow-voltage power supplies are used, such 
as hand-held mobile phones ancl other wireless applications, as well as automotive vehicles. The 
CNT air bridge switch has the unique advantage of low actuation voltage < 5 V, while enabling 
nanosecond switching times. 
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Figure 4. (a) Switching speed measurement set-up. (b) Switching observed in a devtcc as 
indicated by the "switch output" waveform. 

Vertical CNT switch 

We have also developed a process for forming vertical CNT switches. The process used 
to form the devices is shown in Fig. 5, which requires nanotubes to p w  from 200 - 300 nm 
wide, -1 pm deep nanopockets. The MWNT growth is done directly on a heavily doped (3 
macm) conducting Si substrate thus forming a means to electrically contact the CNT, with the 
use of an A1 interlayer between the Fe-catalyst. 

CNT growth experiments from deep Si02  pockets were performed in order to form 1-2 
pm long MWNTs. These tubes were grown at 575 C, 200 Ton ethylene for 2 minutes, resulting 
in growth rates of - 0.75 u d m i n ;  an SEM image of typical CNTs emerging from the holes is 
shown in Fig. Ga. Most of the CNTs protrude out o f  the holes by 100 - 1000 nm. We have 
experimented with grazing angle ion milling to "trim" these CNTs. Ion milling was done at 10 
degrees, 350 V for 15 minutes, and the $EM image in Fig. 6b shows the CNTs have indced been 
"trimmed" as a result of the ion milling. 

Figure 5 .  Precess for vertical MWNT switch. 

To form the deep, nanometer-sized SiOz pockets, we transferred the e-beam defined ZEP 
resist pattern into an A1 hard mask material. Without a hard mask material it is dificult to etch 
far into the SiOz while still retaining a sufficient amount of e-beam resist. With the 
exceptionally high etch rates of metals and dielectrics obtained in inductively coupled plasma 
etchers (ICP), we have determined etch rates of A1 to be - 300 nmlmin using a Chlorine LCP 
etcher; a 100 nrn thick A1 mask layer can be etched in less than in 20 seconds. While most of the 



ZEP is also etched in this process, there is still a srnaIl amount pscsent that allows the e-beam 
pattern to be transferred into the A1 layer. Shown in Fig. 6c is an SEM image of 300 nm wide 
pockets that have been transferred successfully from the ZEP into the A1 mask material using 30 
sccm of BC13, 15 sccm of Clz, 400 W 'ICP power and 30 W of bias power at a pressure of 5 
mTorr. 
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Figure 6.  (a) MWNT growth from nano-pockets. (b) Grazing angle ion miiling used to trim the CNT. (c) 
Nano-pockets formed using an A1 hard mask material. 

After forming the deep nanopockets with the A1 hard mask, the 2.5 nm Fe catalyst and 3 
urn A1 interlayer were deposited using e-beam evaporation and lifted-off with the use of TMAH 
to remove the Al. For the metal electrodes, we experimented with evaporated Pt and Ti, as well 
as sputtered Nh that was deposited at near zero compressive stresses by tuning thc Ar pressure 
during growth. The Ti electrodes however, were found to be attacked by the hydrogen during 
CNT growth due to the formation of volatile metal hydride. By reducing the exposure to 
hydrogen during the MWNT growth annealing step, this etching behavior was minimized, 

Shown in Fig. 7a is a low magnification SEM image of a completed vertical CNT switch. 
The layout of the active region is shown in Fig. 7b and is compared to the high magnification 
SEM image in Fig. 7c., where Nb was used as the electrode material. These images were taken 
just prior to CNT growth, which is the last step in the process. Note that due to issues with e- 
beam alignment, the electrodes were offset to the right, which can be corrected in any futusc 
work. 
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Figure 7. (a) SEM image of a completed vertical MWNT switch. (b) Layout and comparison to (c) fabricated 
dcvice. 

Shown in Fig. 8a and (b) are the devices after CNT growth. From these images it should 
be clear that the CNTs are indeed present, despite the fact that the FeJAl catalyst was deposited 
early in the process, and survived the many process steps prior to MWNT gowth. 3PL has 
developed a vertical MWNT switch process, where the tubes have been demonstrated to grow 



from deep within nanopockets on a conducting heavily doped Si-substrates with integrated PtlTi 
or Nb electrodes. 

Figure 8.  (a) Vertical MWNT switch devices showing the presence of CNTs. (bf CNTs are also present in the array patterns. 

CONCLUSIONS 

In summary, switching was demonstrated in air-bridge devices, with pull voltages of a 
few volts and switching times of a few nanoseconds. A vertical CNT switch process was also 
developed at JPL and described here. In conclusion, CNT based NEM switches can be enabling 
elements for communication networks and memory applications where ultra-miniaturized, light 
wcight components that operate at Tow voItage, low power and high speed are required. 
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